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GaAs-based  triple-junction  tandem  solar  cells  incorporating  an  antireﬂection  coating  (ARC) consisting
of  a  subwavelength  structure  (SWS)  and  bilayer  thin  ﬁlms  are  reported.  A high  aspect  ratio  SWS  was
realized  on  polymethyl  methacrylate  (PMMA)  using  a two-step  etched  silicon  template  and  a  stamping
method.  The  fabricated  PMMA  SWS  consisting  of a two-dimensional  array  of nanoscale  needles  with  a
period  of 300  nm  and  an  aspect  ratio  exceeding  2.3  exhibited  signiﬁcantly  improved  optical  performance.
The  average  reﬂectance  of  the PMMA  SWS  was  reduced  from  7.1  to  4.4%  as compared  to  that  of  the bare
PMMA  ﬁlm,  which  resulted  in  an improvement  of the  transmittance  from  90.7  to  92.9%  in  the  wavelengthhotovoltaic
ubwavelength structure
ntireﬂection coating
range  between  300  and  1700  nm.  By integrating  the  PMMA  SWS  together  with  a TiO2/Al2O3 bilayer  AR
coating  onto  the  top of an  InGaP/GaAs/Ge  triple-junction  solar  cell,  the  surface  reﬂection  of the  solar
cell  could  be minimized.  The  integrated  PMMA  SWS  on  the bilayer  thin  ﬁlm  ARC  enhanced  the  power-
conversion  efﬁciency  ()  of the  triple-junction  solar  cell  from  30.2  to 31.6%  and  from  37.8  to 40.8% under
1  and 157  sun  condition,  respectively.
©  2014  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND. Introduction
Antireﬂection coatings (ARCs) in photovoltaic devices are essen-
ial to achieve high power-conversion efﬁciency (). A single or
ultilayer dielectric thin ﬁlm has conventionally been used as an
RC [1]. Thin ﬁlm coatings have excellent antireﬂective characteris-
ics due to the destructive interference caused by multiple optical
aves which are reﬂected at the multiple interfaces of dielectric
hin ﬁlms and semiconductor materials. The operating wavelength
ange, where the reﬂected optical power is very low, depends on the
hicknesses and refractive indices of the individual thin ﬁlm mate-
ials. However, the inherently narrowband antireﬂective property
f a thin ﬁlm ARC is not ideal for multi-junction tandem solar cells
ecause multi-junction solar cells based on III–V semiconductor
aterials can absorb light over the broadband wavelength rangerom the visible to the near-infrared region [2]. In order to meet
he broadband antireﬂective requirements for III–V multi-junction
olar cells, new ARCs with broadband antireﬂective properties have
∗ Corresponding author. Tel.: +82 62 715 2209.
E-mail address: jjang@gist.ac.kr (J.-H. Jang).
ttp://dx.doi.org/10.1016/j.apsusc.2014.09.138
169-4332/© 2014 The Authors. Published by Elsevier B.V. This is an open access article unlicense (http://creativecommons.org/licenses/by-nc-nd/3.0/).
been studied. Subwavelength structures (SWSs) with a tapered
proﬁle and a period smaller than the wavelength of the incident
light have been proven to suppress the surface reﬂection over a
wide spectral range [3–18] as well as wide incident angles [11,14].
The wavelength range with good antireﬂective properties is deter-
mined by adjusting the geometrical factor of the SWS  [6] and the
optical characteristics of the material on which the SWS  is fabri-
cated.
Several studies of the fabrication of SWSs on top of solar cells
have been reported recently. Various methods, such as self-masked
dry etching [7], oblique angle deposition [8], nanorod array synthe-
sis [9,10], and lithography followed by an etching process [11,12]
have been used to realize nanoscale tapered structures on solar cells
directly. Despite the successful integration of nanoscale structures
onto large-area solar cells, the direct fabrication of SWSs on top of
solar cell epitaxial structures is associated with several drawbacks.
The additional complex and repetitive processes required for the
fabrication of the SWS  result in a longer fabrication time and thus
a higher cost. Additionally, the optical and electrical characteris-
tics of the solar cells may  be degraded due to thermal, physical,
or chemical damage which arises during the direct fabrication of
the SWS  on top of the solar cells [13,14]. The indirect integration
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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f SWSs on solar cells can also improve the performance of solar
ells without compromising the optical and electrical characteris-
ics of the devices by avoiding the thermal, physical, or chemical
amage associated with direct integration methods, as SWS  fab-
ication processes are completely separated from the fabrication
teps of the solar cell. A solar cell covered with a glass contain-
ng an SWS  was reported by Song et al. [15]. The SWS  on the cover
lass was fabricated by dry etching using silver nanomasks and was
hen applied to the solar cell. Although this method demonstrated
n excellent enhancement of , complicated process steps for the
ealization of the SWS  on the cover glass, i.e., the evaporation of Ag
ollowed by thermal annealing and dry etching, must be repeated.
n order to overcome this problem, a stamping method has been
tilized for the realization of an SWS-integrated solar cell [16–18].
he fabrication of a template requiring a nanoscale patterning and
tching process was initially carried out; this fabricated template
an be reused many times, which allows a relatively simple and
ow-cost manufacturing process. Electron-beam (e-beam) lithog-
aphy and nano-imprint lithography are generally used to form a
anoscale periodic pattern on the template. Although thin resists
re necessary for the creation of the nanoscale pattern, they can-
ot endure long-term ion bombardment. Therefore, conventional
ethods using only lithographic techniques with thin resists are
ot suitable for the fabrication of an SWS  with a high aspect ratio.
In this study, an SWS  with a high aspect ratio was  indirectly
ntegrated onto an InGaP/GaAs/Ge triple-junction solar cell covered
ith a TiO2/Al2O3 bilayer ARC using a two-step etched template
nd a stamping method. In this process, a template with a hole
rray with a period of 300 nm and an aspect ratio of 2.3 is initially
abricated using e-beam lithography and a two-step etching pro-
ess. Next, a nanoscale periodic SWS  is transferred onto polymethyl
ethacrylate (PMMA) ﬁlm using a stamping method. Finally, the
abricated PMMA  ﬁlm with the SWS  is applied to the top layer of
 bilayer ARC on a triple-junction solar cell. The optical proper-
ies and device characteristics of the solar cell were measured and
iscussed.
. Experimental
Fig. 1 shows the process ﬂow used for the fabrication of the
riple-junction solar cell integrated with the PMMA  SWS  and the
ilayer thin ﬁlm ARC along with its schematic diagram. To real-
ze a PMMA  SWS  with a nanoscale period and a high aspect ratio,
-beam lithography and a two-step etching process consisting of
he wet etching of SiO2 and the dry etching of silicon were carried
ut during the formation of the silicon template. A 300-nm-period
exagonal array was transferred onto 100-nm-thick SiO2 ﬁlm on a
ilicon substrate through wet etching.
Next, a silicon template with a two-dimensional array of cone-
haped holes was realized by dry etching. The wet-etched SiO2 layer
as used as an etching mask during the dry etching of the silicon.
y changing the wet etching time and the dry etching parameters
f the gas combination, RF power, and chamber pressure, tapered
tructures with different sidewall proﬁles could be realized. Finally,
he high aspect ratio conical SWS  was then transferred from the
ilicon template onto the PMMA  ﬁlm using a stamping method.
ore detailed process steps associated with fabrication of PMMA
WS  can be found in the previous work [18]. The optical charac-
eristics of the fabricated PMMA  ﬁlm with the SWS  was measured
sing a UV–VIS–NIR spectrophotometer (Cary 5000, Varian) and an
ntegrating sphere.The fabricated PMMA  SWS  with a high aspect ratio was mounted
n the top layer of a triple-junction solar cell with a bilayer ARC.
he triple-junction solar cell consists of an InGaP top cell, a GaAs
iddle cell, and a Ge bottom cell. Grid electrodes with a width ofcience 320 (2014) 901–907
2 m and a pitch of 40 m were formed on the top surface of the
solar cell. In this case, 5% of the top surface was covered with a
metal grid electrode. A bilayer ARC consisting of TiO2/Al2O3 thin
ﬁlms was deposited onto the InGaP/GaAs/Ge triple-junction solar
cell. The solar cell was coated with thin PMMA ﬁlm as an inter-
mediated spacer layer created by a spin-coating method and the
PMMA  SWS  was  then mounted on the thin PMMA-ﬁlm-coated solar
cell. After attaching the PMMA  SWS, a thermal treatment was car-
ried out on a hot plate to cure the material and to remove any
remaining solvent. The current density–voltage (J–V) character-
istics of the triple-junction solar cell with the PMMA SWS  were
measured using a solar simulator (WACOM, WXS-450S-65) which
supports a concentration ratio as high as 500.
3. Results and discussion
3.1. PMMA SWS  on the bilayer thin ﬁlms ARC
To verify the effect of the PMMA  SWS  on the thin ﬁlm ARC,
a three-dimensional rigorous coupled-wave analysis (RCWA) was
carried out. Fig. 2(a) and (b) shows the calculated total reﬂected
solar irradiances under an air-mass 1.5 global (AM 1.5G) solar illu-
mination condition as a function of the thickness of the TiO2 and
Al2O3 ﬁlms for the TiO2/Al2O3 bilayer ARC on a GaAs substrate as
well as a PMMA  SWS  integrated with a bilayer ARC on a GaAs sub-
strate. The PMMA  SWS, with a height of 650 nm and a period of
300 nm,  was constructed on 1-m-thick PMMA  ﬁlm. PMMA  ﬁlm
with a thickness of 1 m was used for the simpliﬁcation of the cal-
culations. The refractive indices of the GaAs, TiO2, Al2O3, and PMMA
at a wavelength of 1 m are 3.5, 2.5, 1.7 and 1.5, respectively. In this
simulation, the total reﬂected solar irradiance, , can be calculated
by means of
˚R() = ˚S()R(), (1)
 =
∫ 2
1
˚R()d, (2)
where ФR() and ФS() are the weighted reﬂection spectrum and
the standard solar spectrum at AM 1.5G, and R() is the calculated
reﬂectance. As shown in Fig. 2(a), the minimum total reﬂected solar
irradiance of the two types of ARC under a wavelength range of
300–1700 nm are 56 and 38 W m−2 when the thicknesses of the
TiO2 and Al2O3 ﬁlms are 50 and 80 nm,  respectively. The same cal-
culation was carried out at the wavelength range of 300 and 900 nm,
which corresponds to the absorption spectra of the top and mid-
dle cells of triple-junction InGaP/GaAs/Ge solar cells, as shown in
Fig. 2(b).
Considering that the photocurrent of the InGaP/GaAs/Ge triple-
junction solar cell is determined by the photocurrent generated by
either the top or middle cell because the photocurrent generated in
the Ge bottom cell is much higher than those generated at the top
and middle cells, the antireﬂective performance should be evalu-
ated by focusing on the wavelength range which corresponds to
the absorption spectrum of the top and middle cells. As shown in
Fig. 2(b), the minimum total reﬂected solar irradiance is obtained
when the thickness of the TiO2 and Al2O3 ﬁlms are 40 and 70 nm, for
both ARC schemes. The minimum total reﬂected solar irradiances
are 28 and 21 W m−2 for the TiO2/Al2O3 bilayer ARC and the PMMA
SWS/TiO2/Al2O3 ARC, respectively. The PMMA  SWS/TiO2/Al2O3
ARC exhibited lower reﬂection than the TiO2/Al2O3 bilayer ARC, as
the refractive index mismatch between the air and the top layer of
the thin ﬁlm ARC is mitigated by the introduction of the PMMA SWS.
The nanoscale tapered PMMA  SWS  can gradually change the effec-
tive refractive index because the effective medium is determined
by the volume of the SWS  layer [19,20].
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gig. 1. (a) The fabrication process steps and (b) a schematic diagram of the integrat
ell.
Fig. 2(c) shows the calculated reﬂectance spectrum of the bare
aAs substrate and the GaAs substrate with the PMMA  SWS  ARC,
he TiO2/Al2O3 bilayer ARC and the PMMA  SWS/TiO2/Al2O3 ARC as
 function of the incident wavelength, which ranges here from 300
o 1700 nm.  The thicknesses of the TiO2 and Al2O3 thin ﬁlms are 40
nd 70 nm,  which are optimized to achieve the minimum value of
he total reﬂected solar irradiance. The average reﬂectance of the
are GaAs substrate is 33.2%, and those of the GaAs substrates with
he three types of ARCs have lower average reﬂectance values than
hat of the bare substrate. The average reﬂectance of the PMMA  SWS
RC, the TiO2/Al2O3 bilayer ARC, and the PMMA SWS/TiO2/Al2O3
n the GaAs substrates are 19.3, 11.3 and 7.8%, respectively. For
he PMMA  SWS  ARC on the GaAs substrate, the reﬂectance spec-
ra exhibited a lower value compared to the reﬂectance level of
he bare GaAs substrate, but its performance improvement was
ot enough for it to be applied to solar cell devices. The PMMA
WS  gradually changes the effective index from air to PMMA,  but
 considerable index mismatch still exists between the PMMA and
he GaAs substrate. The GaAs substrate with the TiO2/Al2O3 bilayer
RC approaches zero reﬂection at two spectral points where the
avelengths are 400 and 730 nm,  functioning as a quarter-wave
ntireﬂection technique [1]. Compared to the TiO2/Al2O3 bilayer
RC, the PMMA  SWS/TiO2/Al2O3 ARC exhibits a lower reﬂection
evel over a broad wavelength range. Speciﬁcally, for the wave-
ength range of 400–700 nm,  the reduction of the reﬂectance was
rominent. When only the bilayer ARC was used, it transforms the
efractive index from the air to the substrate. On the other hand, the
ilayer ARC used in conjunction with the PMMA  SWS  transforms
he refractive index of the PMMA  to that of the substrate. Thereby,
he burden on the bilayer ARC can be mitigated when it is used
ogether with a PMMA SWS.
From this calculation, the thin ﬁlm ARC integrated with a PMMA
WS has an improved antireﬂective property compared to an
RC consisting only of thin ﬁlms or a PMMA  SWS. Intermediate
iO2/Al2O3 thin ﬁlms are exploited to relax the refractive index
ap between the PMMA  ﬁlm and the GaAs substrate.
.2. Fabrication and characterization of the PMMA SWS
Fig. 3 shows the measured reﬂectance and transmittance spec-
rum of PMMA  ﬁlm with and without a PMMA  SWS. Scanning
lectron microscopy (SEM) images of a fabricated silicon template
nd PMMA  SWS  are shown in the inset of Fig. 3(a). A well-ordered
exagonal pattern with a period of 300 nm and an aspect ratio
xceeding 2.3 was demonstrated on the PMMA SWS. To investi-
ate the effect of the period on the optical characteristics, a PMMAMA  SWS  together with the bilayer ARC on an InGaP/GaAs/Ge triple-junction solar
SWS  with a period of 350 nm was  also fabricated and measured.
As shown in Fig. 3(a), the average reﬂectance of a bare PMMA  ﬁlm
for the wavelength range of 300–1700 nm was  7.1%, while these
values for PMMA  SWSs with periods of 300 and 350 nm were 4.4
and 4.8%, respectively. A smaller period than the wavelength of
the incident light is required for an antireﬂective property over the
broad wavelength range. As the period of the SWS  increases, the
cut-off wavelength shifts to a higher wavelength [5]. As shown in
Fig. 3(a), for the PMMA  SWSs with periods of 300 and 350 nm, the
cut-off wavelengths were 410 and 500 nm,  respectively. The PMMA
SWS  with a period of 300 nm exhibited a lower cut-off wavelength,
ﬁnally leading to a broadened antireﬂective wavelength range.
The measured reﬂectance values of PMMA  ﬁlms with and with-
out a PMMA  SWS  include the effect of the backside reﬂection. The
light transmitted from the front side was  reﬂected at the back-
side such that the total reﬂection was increased by the backside
reﬂection. Considering the backside reﬂection, which is approxi-
mately 3.7% according to the Fresnel equation [21], the front side
reﬂectance of a PMMA  SWS  can be estimated to be 0.7%. This proves
that the SWS  presented here is close to an ideal broadband refrac-
tive index transformer.
Fig. 3(b) shows the measured transmittance of PMMA  ﬁlms with
and without a PMMA  SWS  with periods of 300 and 350 nm.  The
average transmittance of the bare PMMA  ﬁlm is 90.7% in the wave-
length range of 300 and 1700 nm.  Compared to the bare PMMA  ﬁlm,
the average transmittance levels were increased to 92.9 and 91.8%
after introducing PMMA  SWSs with periods of 300 and 350 nm,
respectively. These enhancements of the transmittance spectra
arose from the reduced surface reﬂection and the inherent low
absorption of the PMMA  material. As veriﬁed by the reﬂectance
spectra, the cut-off wavelength in the transmission spectra can be
pushed down to a shorter wavelength by reducing the period of the
SWS.
If the PMMA  SWS  is applied to a solar cell, the transmittance
will be higher than that of a free-standing PMMA  ﬁlm with a
single-sided SWS. This occurs because the reﬂection on the inter-
face between the backside of the PMMA  and the solar cell with the
bilayer ARC will be smaller than that at the interface between the
ﬂat PMMA  and air.
3.3. Triple-junction solar cell with PMMA SWS/TiO2/Al2O3 ARCThe bare PMMA  ﬁlm and the replicated PMMA  ﬁlm with
a 300-nm-periodic SWS  were mounted onto an InGaP/GaAs/Ge
triple-junction solar cell with a bilayer ARC. The thickness of the
PMMA  ﬁlm is approximately 150 m.  The reﬂectance values of
904 D.-S. Kim et al. / Applied Surface Science 320 (2014) 901–907
Fig. 2. Total reﬂected solar irradiance of the TiO2/Al2O3 bilayer thin ﬁlm ARC and the TiO2/Al2O3 thin ﬁlms combined with a PMMA  SWS  on a GaAs substrate throughout (a)
the  wavelength range of 300–1700 nm and (b) the wavelength range of 300–900 nm.  (c) Calculated reﬂectance spectrum of a bare GaAs substrate and a GaAs substrate with
a  PMMA  SWS  ARC, a TiO2/Al2O3 bilayer ARC and a PMMA  SWS/TiO2/Al2O3 ARC.
Fig. 3. Measured (a) reﬂectance and (b) transmittance of a PMMA ﬁlm sample with and without a conical SWS  with a period of 300 and 350 nm,  respectively.
D.-S. Kim et al. / Applied Surface Science 320 (2014) 901–907 905
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oig. 4. (a) The measured reﬂectance spectrum of an InGaP/GaAs/Ge triple-junctio
WS/bilayer ARC. (b) Schematic diagram of the air-referenced and PMMA-reference
he solar cell with the TiO2/Al2O3 bilayer ARC, the PMMA/bilayer
RC and the PMMA  SWS/bilayer ARC were measured to investi-
ate the effect of the PMMA  SWS  on the solar cell. Fig. 4(a) shows
he measured reﬂectance of the three types of solar cells as a func-
ion of the incident wavelength. A triple-junction solar cell having
nly a TiO2/Al2O3 bilayer ARC is shown as a reference. The PMMA
WS  can decrease the reﬂectance value owing to its gradual effec-
ive refractive index proﬁle, ﬁnally leading to low reﬂectance over
 wide wavelength range. The measured reﬂectance values were
lightly higher, as expected due to the metal grid on the top sur-
ace of the solar cell. As shown in the inset of Fig. 4(a), 5% of the
op surface was covered with the metal grid electrode, which is
equired in photovoltaic devices to collect the photo-generated
arriers.
ig. 5. (a) The current density–voltage characteristics of a triple-junction solar cell with
WS/bilayer ARC. (b) The measured external quantum efﬁciency of solar cells with the bilay
f  the three types of solar cells under wide-incident angles.r cell with a bilayer ARC and solar cells with a PMMA/bilayer ARC and a PMMA
r cells.
In the measured results shown in Fig. 3, the surface reﬂection
on the top surface of the PMMA  SWS  is virtually zero because the
reﬂectance is only from the bottom surface, which does not have
an SWS. Considering this point, a solar cell covered with a PMMA
SWS can be modeled as a solar cell covered with an inﬁnite PMMA
medium, as shown in Fig. 4(b). Accordingly, the TiO2/Al2O3 bilayer
ARC on the solar cell transforms the refractive index of the PMMA
into that of a GaAs-based solar cell heterostructure. Fig. 4(b) shows
a schematic diagram of a solar cell with a bilayer ARC and a PMMA
SWS/bilayer thin ﬁlm ARC. The solar cell covered with the PMMA
SWS is considered as a PMMA-referenced solar cell. Fig. 2(a) and (b)
shows that the optimized bilayer ARC structures are essentially the
same for the air-referenced solar cell and the PMMA-referenced
solar cell. However, the refractive index difference between the
 a TiO2/Al2O3 bilayer ARC and solar cells with a PMMA/bilayer ARC and a PMMA
er ARC and PMMA  SWS/bilayer ARC. (c) The measured power-conversion efﬁciency
906 D.-S. Kim et al. / Applied Surface Science 320 (2014) 901–907
Table 1
Device parameters of the three types of solar cells under 1 sun condition.
Solar cells Voc (V) Jsc (mA/cm2) Rs () FF (%)  (%)
With a bilayer ARC 2.6 13.8 23.3 83.7 30.2
With  a PMMA/bilayer ARC 2.6 13.9 23.9 83.7 30.3
With  a PMMA  SWS/bilayer ARC 2.6 14.4 19.1 83.9 31.6
Table 2
Device parameters of the three types of solar cells at 157 suns.
Solar cells Voc (V) Jsc (A/cm2) Rs () FF (%)  (%)
14 0.19 88.8 37.8
18 0.20 88.9 38.1
31 0.17 89.2 40.8
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iWith a bilayer ARC 3.1 2.
With  a PMMA/bilayer ARC 3.1 2.
With  a PMMA  SWS/bilayer ARC 3.1 2.
MMA and GaAs-based solar cell heterostructures is smaller than
hat between the air and GaAs-based solar cell heterostructures.
hereby, a PMMA SWS  in conjunction with bilayer ARC works better
han its other two counterparts.
The photoelectric characteristics of triple-junction solar cells
ith three different types of ARCs are shown in Fig. 5. Fig. 5(a)
hows the current density–voltage (J–V) characteristics of solar
ells with a bilayer ARC, with bare PMMA  ﬁlm on top of a bilayer
RC, and with a PMMA  SWS  on top of a bilayer ARC under AM
.5G illumination, and Table 1 summarizes and compares the open-
ircuit voltage (Voc), the short-circuit current density (Jsc), the
ll factor (FF), and the  values of the fabricated devices under
 1 sun condition. The Jsc value of the solar cell with only the
ilayer ARC was 13.8 mA/cm2, while those of the solar cells with
he PMMA/bilayer ARC and the PMMA  SWS/bilayer ARC exhib-
ted increased values of 13.9 and 14.4 mA/cm2, respectively. The
fﬁciency, , of the triple-junction solar cell with the PMMA
WS/bilayer ARC is 31.6%. The enhanced  of the solar cell was
aused by the improved Jsc owing to the decreased surface reﬂec-
ion.
Fig. 5(b) shows the measured external quantum efﬁciency (EQE)
f the solar cells with the bilayer ARC and PMMA  SWS/bilayer ARC.
he solar cell with PMMA  SWS/bilayer ARC exhibited EQE improve-
ent in the wavelength range of 400–700 nm,  where the reduced
urface reﬂection was observed as shown in Fig. 4(a).
To verify the omnidirectional antireﬂective characteristic of the
MMA SWS, the  values of the fabricated devices were measured
nder a 1 sun condition as a function of the incident angle. Fig. 5(c)
hows the angle-dependent power-conversion efﬁciency, , of the
olar cells. The  of the solar cell with the PMMA  SWS/bilayer ARC
as nearly 2.0% higher than that of the solar cell with the bilayer
RC at incident angles between 0 and 50◦. The inset in Fig. 5(c)
hows the normalized light intensity and normalized Jsc, Voc, and
F of solar cell with PMMA  SWS/bilayer ARC as a function of the
ncident angle, i. These parameters are normalized to the values
t normal incident angle. The normalized current density decreases
s the normalized light intensity decreases, while the Voc and FF
xhibit essentially same values under wide incident angles.
Fig. 6 shows the power-conversion efﬁciency, , of the three
evices with respect to their light concentration ratios. The solar
ells investigated in this study exhibited increased  values with
 high concentration ratio. The maximum efﬁciency of the solar
ell with only the bilayer ARC and the PMMA  SWS/bilayer ARC
eached 37.8 and 40.8%, respectively, at 157 suns. Table 2 summa-
izes and compares the device parameters measured at 175 suns.
he enhancement of the efﬁciency was caused by the increased FF
nd Voc values according to the high concentration ratio. The efﬁ-
iency reaches its maximum point and then decreases when the
egradation of the FF becomes dominant. The decreased FF at a
igh concentration ratio was caused by the increased series resis-
ance of the cells due to the heat under the highly concentrated
rradiation [22].Fig. 6. Effect of the light concentration ratio on the power-conversion efﬁciency of
the three devices.
4. Conclusion
In summary, a high aspect ratio PMMA  SWS  was mounted on top
of a bilayer ARC of a triple-junction solar cell. With the successful
integration of an SWS  on a solar cell, the performance of the solar
cell was  improved. The greatly enhanced power conversion efﬁ-
ciency was  caused by the realization of a nanoscale periodic SWS
with a high aspect ratio on the top surface of a solar cell. The stamp-
ing method can be a low cost approach for the indirect integration
of an SWS  on a solar cell without any compromise in device perfor-
mance. The enhanced power conversion efﬁciency of the completed
device was  maintained under highly concentrated irradiation and
under angled solar irradiation.
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